Human papillomavirus 11 (HPV11) is an etiological agent of anogenital warts and laryngeal papillomas and is included in the 4-valent and 9-valent prophylactic HPV vaccines. We established the largest collection of globally circulating HPV11 isolates to date and examined the genomic diversity of 433 isolates and 78 complete genomes (CGs) from six continents. The genomic variation within the 2,800-bp E5a-E5b-L1-upstream regulatory region was initially studied in 181/207 (87.4%) HPV11 isolates collected for this study. Of these, the CGs of 30 HPV11 variants containing unique single nucleotide polymorphisms (SNPs), indels (insertions or deletions), or amino acid changes were fully sequenced. A maximum likelihood tree based on the global alignment of 78 HPV11 CGs (30 CGs from our study and 48 CGs from GenBank) revealed two HPV11 lineages (lineages A and B) and four sublineages (sublineages A1, A2, A3, and A4). HPV11 (sub)lineage-specific SNPs within the CG were identified, as well as the 208-bp representative region for CG-based phylogenetic clustering within the partial E2 open reading frame and noncoding region 2. Globally, sublineage A2 was the most prevalent, followed by sublineages A1, A3, and A4 and lineage B.
H
uman papillomavirus 11 (HPV11), which belongs to species 10 of the Alphapapillomavirus genus (Alpha-PV), is etiologically associated with approximately 20% of anogenital warts and 30 to 40% of laryngeal papillomas (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . HPV11 is generally considered a low-risk HPV type due to its rare presence in HPVrelated cancers in humans, especially cervical cancer (9) . HPV11 is present in 0.5% of samples from HPV-positive women with a normal cytology worldwide and causes 2.3% of cervical low-grade squamous cell intraepithelial lesions (12, 13 ). However, rare case reports of HPV11-positive cases of cervical and anal squamous cell carcinomas, malignantly transformed laryngeal papillomas, and sinonasal inverted papillomas associated with squamous cell carcinoma can be found in the literature (14) (15) (16) (17) (18) (19) (20) (21) . Due to its clinical significance, HPV11 has been included in the current quadrivalent and nonavalent prophylactic HPV vaccines (22, 23) .
The genetic diversity of HPV11 was studied for the first time in 1995, when Heinzel et al. sequenced the noncoding upstream regulatory region (URR) of 40 HPV11 isolates from the head and neck and anogenital regions from patients on five continents (Europe, Asia, North America, South America, and Africa) (24) . In 2011, a Slovenian research group performed the first extensive genetic analysis of HPV11 by sequencing approximately half of the viral genome of 63 HPV11 isolates from various anatomical locations of infection. The 10 most divergent HPV11 isolates were also fully sequenced, and phylogenetic analysis confirmed the existence of two HPV11 variant groups, as initially suspected from a comparison of the concatenated L1, URR, E6, E5a, and E5b sequences of all studied HPV11 isolates (25) . In 2011, the classification and nomenclature system for Alpha-PV full-length genomic variants was established (26) . On the basis of the analysis of 32 complete HPV11 genomes originating mainly from Slovenia, HPV11 genomic variants were classified into two sublineages: sublineage A1 (previously termed the "prototypic variant") and sublineage A2 (previously termed the "nonprototypic variant"). Three additional HPV11 genomic diversity studies that focused on samples from the head and neck and the anogenital regions and that described the variability of the HPV11 genome from ethnogeographically closed cohorts and/or focused on individual complete or partial HPV11 genomic regions have recently been published (7, 27, 28) . Several HPV11 genomic variants with highly similar nucleotide profiles were identified in these studies. Apart from the observation that isolates from sublineage A2 prevail globally (7, 28) , no other ethnogeographical or clinical associations with HPV11 variants have been described to date (7, 24, 25, 27, 28) .
This international collaborative study established the largest database of globally circulating HPV11 isolates to date and analyzed 433 HPV11 isolates and 78 complete genome (CG) sequences from six continents in order to determine the global distribution of HPV11 genomic variants.
MATERIALS AND METHODS
Study samples. In order to explore the intratype genomic diversity of HPV11, 207 HPV11 DNA-positive samples were obtained from 14 countries covering six continents: Argentina, Australia, Canada, Croatia, the Czech Republic, Germany, Hong Kong, Japan, Lithuania, Malaysia, South Africa, Switzerland, the United Kingdom, and the United States. HPV11 DNA-positive samples were collected from the anogenital region (105 samples; 50.7%) and the head and neck region (56 samples; 27.1%); the anatomical location was unavailable for 46 samples (22.2%). The majority of samples were anogenital wart tissue samples (76 samples; 36.7%), followed by laryngeal papilloma tissue samples (52 samples; 25.1%) and cervical swab specimens (22 samples; 10.6%) ( Table 1) .
In order to identify ethnogeographical associations among HPV11 lineages and sublineages, 500 HPV11 sequences were selected, as follows: (i) 30 complete genomes and 177 partial sequences ranging from 453 to 2,765 bp generated in this study and (ii) 48 complete genomes and 245 partial sequences ranging from 114 to 3,218 bp obtained from the GenBank NCBI database and the PapillomaVirus Episteme database (PaVE) (data collection was closed in December 2014). HPV11 sequences with assigned (sub)lineages and information on geographical origin (433/ 500 sequences; 86.6%) were eligible for further statistical analysis. Whole-genome amplification and sequencing. A 4,851-bp-long fragment including the 3= end of the E2 open reading frame (ORF), the complete E5a, E5b, L2, and L1 ORFs, the complete URR, and the 5= end of the E6 ORF was amplified with primer pair HPV-11-S2F (5=-TTACAACAA GCACCAAAGAAG-3=, nucleotides [nt] 3529 to 3549) and HPV-11-S2R (5=-TTCTATTTCACACAACGGCT-3=, nt 427 to 446). The entire genomes of HPV11 genomic variants with unique single nucleotide polymorphisms (SNPs), amino acid changes, or insertions or deletions (indels) within E5a, E5b, L1, and/or URR were sequenced. To obtain the complete viral genome, an additional 4,521-bp-long overlapping fragment encompassing the 3= end of the L1 ORF, the complete URR, E6, E7, and E1 ORFs, and a greater part of the E2 ORF was generated using primer pair HPV-11-S1MS-F (5=-GGATATGAGTTTTTGGGAGGT-3=, nt 7084 to 7104) and HPV-11-S1MS-R (5=-ATGCCACGTTGAAGATGCTA-3=, nt 3660 to 3679).
All primers used in this study were designed according to the corrected HPV11 reference sequence (GenBank accession no. M14119; PaVE accession no. HPV11REF) using CLC Main Workbench software, version 6.5 (CLC Bio, Denmark), and synthesized at TIB Molbiol (Berlin, Germany).
For both overlapping PCRs, a Platinum Taq DNA polymerase highfidelity kit (Invitrogen, Carlsbad, CA) was utilized according to the manufacturer's instructions. Each reaction mixture contained 100 ng of template DNA, 2.5 l of 10ϫ High-Fidelity PCR buffer, 0.1 l of each primer (50 M), 0.5 l of the deoxynucleoside triphosphates (10 mM), 1 l of MgSO 4 (50 mM), 0.1 l of enzyme (1 U/50 l), and water up to 25 l. The cycling conditions were carried out as follows: 94°C for 2 min, followed by 50 cycles of 94°C for 30 s, 53°C or 57°C (depending on the primer pair) for 30 s, and 68°C for 5 min. The final extension step was carried out at 68°C for 7 min. PCR products were verified by gel electrophoresis, purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany), and submitted to Macrogen Europe (Amsterdam, Netherlands) or to the in-house sequencing facility of the Institute of Microbiology and Immunology, Faculty of Medicine, University of Ljubljana, for Sanger sequencing of both strands using previously published primers (25) and a previously described sequencing protocol (29) .
The acquired nucleotide sequences were assembled and analyzed with CLC Main Workbench software, version 6.5 (CLC Bio, Denmark), using the corrected HPV11 reference sequence (PaVE accession no. HPV11REF) as a standard for nucleotide position comparison and numbering. All samples with wobble nucleotides or unique nucleotide profiles compared to the reference sequence were selected for repeated amplification and sequencing. Phylogenetic tree construction. The global phylogenetic tree was generated using the 30 complete HPV11 genomes determined in this study (GenBank accession no. LN833161 to LN833190) and 48 complete genomes available in GenBank (GenBank accession no. EU918768 [30] ; FR872717 [31] ; FN870021, FN870022, and FN907957 to FN907964 [25] ; JQ773408 to JQ773412 [32] ; HE574701 to HE574705 [19] ; JN644141 [33] ; and HE611258 to HE611274, HE962023 to HE962025, and HE962365 to HE962368 [34] ), including the sequence with PaVE accession no. HPV11REF. Among the 48 complete genomes from GenBank, 34 (70.1%) originated from two Slovenian studies (25, 34) . All 78 complete HPV11 genomes were linearized at position 101 within the URR of the sequence with PaVE accession no. HPV11REF and globally aligned using MAFFT software (version 6.864b) (35) . Maximum likelihood trees were constructed using RAxML HPC2 software (version 8.1.11), employing 1,000 bootstrap values and a general time-reversible model with a gamma-distributed rate variation and a proportion of invariable sites (GTRϩGϩI) (36) . Bayesian trees were constructed using MrBayes software (version 3.2.3) (37) with 10,000,000 cycles for Markov chain Monte Carlo (MCMC) runs. In order to identify the most informative region(s) for whole-genome-based phylogenetic clustering, maximum likelihood trees were constructed using RAxML HPC2 (version 8.1.11) and MEGA (version 5) software (38) , employing individual HPV11 ORFs, the URR, and multiple genomic regions selected according to the nucleotide positions of (sub)lineage-specific SNPs.
Identification of variant lineages/sublineages and lineage/sublineage-specific SNPs. Identification and naming of HPV11 variant lineages and sublineages were based on the 78 globally aligned HPV11 genomes, using the classification and nomenclature system proposed previously (26): nucleotide differences of Ͼ1% to Ͻ10% and Ͼ0.5% to Ͻ1% of the complete genomes were used to define variant lineages and sublineages, respectively. The pairwise identities (p distances) calculated in MEGA software (version 5) (38) were used for heat map construction, with color gradients indicating maximum (100%, blue) and minimum (98.6%, red) pairwise identities.
HPV11 (sub)lineage-specific SNPs were identified on the basis of the nucleotide sequence alignment of all 78 complete genomes using MacClade software (version 4.08) (39) .
Statistical methods. The ethnogeographical associations for the HPV11 variants were analyzed for a total of 433 HPV11 samples obtained from 23 countries covering six continents. Univariate logistic regression comparing sublineage A2 and sublineage A1 was performed. Sublineage A1 was absent in Australia and Africa; therefore, the distribution of sublineages A2 and A1 was compared only for Europe, North America, South America, and Asia. However, because sublineage A2 was more common than sublineage A1 on all continents and the proportion of sublineage A1 isolates was higher in Asia than in the other five continents, we additionally combined sublineage A1 isolates from Europe, North and South America, Australia, and Africa into a single category. Isolates of lineage B and sublineages A3 and A4 were excluded from the analysis due to the small number of samples containing isolates of this lineage and these sublineages (less than 10). Odds ratios (ORs) were calculated, and the significance level was set at an ␣ value of 0.05. All tests were two-sided. Additionally, to evaluate the independence of associations, a multiple logistic regression was performed using geographical location, which included all continents combined except Asia. All analyses were performed using SPSS software (version 22.0; IBM Corp.).
Nucleotide sequence accession numbers. The 30 complete HPV11 genome sequences determined in this study were deposited in the European Nucleotide Archive (ENA) of the EMBL-EBI database under accession numbers LN833161 to LN833190.
RESULTS
A complete 4,851-bp-long fragment covering the E5a, E5b, L1, and URR genomic regions was successfully amplified and sequenced from 181/207 (87.4%) HPV11 DNA-positive samples collected in this study. At least one SNP, amino acid change, and/or indel in the E5a, E5b, L1, and/or URR genomic region was found in 27/181 (14.9%) HPV11 isolates, whose genomes were subsequently fully sequenced. Three complete HPV11 genomes with concatenated E5a-E5b-L1-URR nucleotide sequence profiles highly similar to those of 27 genomes previously completely sequenced were additionally sequenced. Thus, overall, 30 complete HPV11 genome sequences originating from six continents were generated in this study.
The minimum and maximum lengths of 78 complete HPV11 genomes (30 from this study and 48 retrieved from GenBank) were 7,930 and 7,949 bp, respectively. A total of 239 (3.0%) variable nucleotide positions and 76 (3.0%) variable amino acid positions were identified. The nucleotide and amino acid sequence variabilities among the 78 complete HPV11 genomes are summarized in Table 2 . In brief, the rates of variability in the nucleotide sequences of coding regions varied from 1.4% (4/297) in the E7 ORF to 5.8% (13/225) in the E5b ORF, and the rates of variability in the amino acid sequences ranged from 1.5% (10/650) in the E1 ORF to 11.0% (12/109) in the E4 ORF. In total, 10 indels of from 1 up to 15 nucleotides were identified in the URR, and one inframe insertion of 9 nucleotides was detected in the L2 ORF. Among the 30 completely sequenced genomes, only 1 contained a single double peak that was marked as a wobble nucleotide in its final genome sequence. The maximum pairwise nucleotide difference between two genomes was 1.3%.
Phylogenetic analysis and variant lineage/sublineage identification. The global phylogenetic tree constructed from the 78 complete HPV11 genomes (30 from our study and 48 from GenBank) revealed that the tree topology was dichotomous, dividing HPV genomic variants into two variant lineages: lineages A and B (Fig. 1) . Lineage A was further divided into four sublineages: sublineages A1, A2, A3, and A4. The prototype genome sequence, the sequence with PaVE accession no. HPV11REF, was designated a representative of the HPV11 variants clustering within sublineage A1. Sublineage A2 included HPV11 variants with sequences closely related to the sequence of the CAC86 genomic variant (GenBank accession no. FN907962). Sublineage A2 prevailed with 68/78 (87.2%) HPV11 isolates, followed by sublineage A1 with 6/78 (7.7%) isolates and the newly discovered sublineages A3 and A4 and lineage B, which were represented by 2/78 (2.6%), 1/78 (1.3%), and 1/78 (1.3%) HPV11 isolates, respectively (Fig. 2) .
The topology of the phylogenetic tree based on concatenated E5a-E5b-L1-URR sequences of approximately 2,800 bp completely reproduced the topology of a global phylogenetic tree constructed from 78 complete HPV11 genomes. The topologies of all of the nine individually used HPV11 genomic coding regions and the noncoding region URR reproduced the dichotomous tree topology, allowing identification of variant lineages A and B; however, the clustering of individual HPV11 genomic regions (nine ORFs and the URR) did not reproduce the clustering of HPV11 isolates into the four sublineages, sublineages A1 to A4. Among all HPV11 genomic regions, only URR, E2, and L2 generated phylogenetic trees with the power to optimally discriminate between sublineages A3 and A4, but the trees did not effectively discriminate between sublineages A1 and A2. In addition, the tree obtained with a 208-bp-long fragment from nucleotide positions 3626 to 3833 of the sequence with PaVE accession no. HPV11REF reproduced the whole-genome phylogenetic tree, and this fragment could be used as the shortest representative region for optimal (sub)lineage assignment (Fig. 3) . The 208-bp region consists of the 3= end of the E2 ORF and the 5= end of noncoding region 2 (NCR2) and contains at least one (sub)lineage-specific SNP (Fig. 4) .
Lineage-and sublineage-specific SNPs. Lineage-specific SNPs were equally dispersed throughout the genome, allowing reliable discrimination of lineages A and B within all genomic regions of approximately 1,000 bp in length. In contrast, sublineage-specific SNPs were not evenly distributed throughout the HPV11 genome. For example, the first sublineage A4-specific SNP was detected after position 1300 of the sequence with PaVE accession no. HPV11REF. Lineage-and sublineage-specific SNPs were more frequently observed in the genomic regions from the E2 to L2 ORFs (nucleotide positions 3000 to 5000 of the sequence with PaVE accession no. HPV11REF) and in the URR (nucleotide positions 7000 to 7933 of the sequence with PaVE accession no. HPV11REF) (Fig. 4) .
Interestingly, some SNPs or SNP patterns independent of the HPV11 variant lineage/sublineage may be associated with the ethnicity of the host. For example, among the 78 complete genomes, the combination of the C2358T and A3391G nucleotide changes showed significantly different predominances in isolates of the A2 sublineage from Europe and Asia (76% versus 53%, P Ͻ 0.001).
Ethnogeographical associations of HPV11 (sub)lineages. The worldwide distribution of HPV11 genomic variant (sub)lineages is presented in Fig. 5 . Sublineage A2 was prevalent globally (373/433; 86.1%), followed by sublineage A1 (54/433; 12.5%), sublineage A3 (3/433; 0.7%), sublineage A4 (2/433; 0.5%), and lineage B (1/433; 0.2%) (Fig. 5A) . Sublineage A2 was also found in each continent, with its prevalence ranging from 73.9% in Asia (Fig. 5C ) to 98.7% in Australia (Fig. 5F ). Sublineage A1 was found only in Europe, Asia, and North and South America, and its prevalence ranged from 9.8% in North America (Fig. 5D ) to 26.1% in Asia (Fig. 5C ). Sublineage A3 was present in Europe, North America, and Australia, with a maximal prevalence of 1.6% in North America (Fig. 5D ). Sublineage A4 was found only in Europe, with a maximal prevalence of 1.7% (Fig. 5B) , and lineage B was found only in Africa, with a maximal prevalence of 2.9% (Fig. 5G) .
In agreement with the observation that sublineage A2 was present in a higher proportion than sublineage A1 in each continent except Asia (Fig. 5) , univariate analysis confirmed the statistically significant higher odds for the presence of sublineage A2 than sublineage A1 in Europe (OR, 2.6; 95% confidence interval [CI], 1.3 to 5.2; P ϭ 0.007) and North America (OR, 3.2; 95% CI, 1.2 to 8.2; P ϭ 0.016) than Asia. Furthermore, the analysis showed a higher odds for the presence of sublineage A2 than sublineage A1 in all continents other than Asia (OR, 4.1; 95% CI, 2.3 to 7.4; P Ͻ 0.001) (Table 3) . However, multiple regression analysis did not confirm the statistically significant difference in the geographical distribution of sublineages A2 and A1.
DISCUSSION
We present the first study of the global genomic diversity of HPV11, an etiological agent of the two most frequent benign tumors in the anogenital region and upper respiratory tract: anogenital warts and laryngeal papillomas, respectively (2, 5, 6) . For the purpose of this study, a total of 207 HPV11 isolates were collected from 14 countries covering six continents, and four genomic regions, including the E5a, E5b, and L1 ORFs and the noncoding region URR were sequenced. These particular regions were selected for initial sequencing on the basis of findings from previous studies: (i) E5a, L1, and URR contain sequence information sufficient for unambiguous differentiation between HPV11 sublineages A1 and A2 (25, 26, 28) ; (ii) the E5a and E5b genes evolve faster and mutate more frequently than other HPV genes (40, 41) ; and (iii) our recent genomic diversity study of HPV6 (the closest relative of HPV11) showed that the concatenated E5a-E5b-L1-URR sequence can be reliably used as a surrogate for the whole-genome phylogenetic clustering of HPV6 variants (29) , and thus, sequencing of the same genomic regions would additionally allow comparison of the genetic diversity of a large number of HPV6 and HPV11 isolates. The genomes of a total of 30 HPV11 isolates showing the highest diversity in the E5a, E5b, L1, and/or URR genomic region were fully sequenced and phylogenetically evaluated together with 48 complete HPV11 genome sequences from GenBank and PaVE, of which 70.1% (34/48) mainly originated from two pre-FIG 1 HPV11 heat map and maximum likelihood trees inferred from 78 complete HPV11 genomes. All 78 complete genomes were aligned, and the pairwise differences were calculated. The minimum sequence differences (0% pairwise difference, dark blue) and the maximum sequence differences (1.3% pairwise difference, red) are displayed. To demonstrate how the percent nucleotide sequence differences relate to the phylogenetic tree topology, maximum likelihood trees are shown alongside the heat map. Lineages and sublineages are labeled and have 90 to 100% bootstrap support.
vious Slovenian studies (25, 34) . Overall, 64/78 (82.1%) of the complete HPV11 genome sequences determined to date were identified by members of our international HPV11 consortium. Nucleotide sequence differences across the complete HPV genome of 1.0% to 10.0% and 0.5% to 1.0% define distinct HPV variant lineages and sublineages, respectively (26, 42) . In this study, the calculated maximal pairwise difference between nucleotide sequences among the 78 complete HPV11 genomes analyzed was 1.3%, indicating the existence of two HPV11 variant lineages. The maximum likelihood tree obtained with 78 complete HPV11 genome sequences further confirmed two deeply separated variant clusters, named variant lineages A and B. In addition, lineage A consisted of four sublineages, A1, A2, A3, and A4, with sublineages A3 and A4 being identified for the first time in this study. Due to the identification of a novel lineage B, originating from a single African isolate, the calculated maximum pairwise dissimilarly of the complete HPV11 genome variants (e.g., isolate LT4 versus isolate SA3408) reached 1.3%, exceeding the previously reported rate of diversity by approximately 4-fold (25, 26, 28) . Hence, the genomic diversity of HPV11 of 1.3% is highly similar to that of its closest relative, HPV6 (1.6%) (29) . It is distinctly lower than that of the two most important high-risk HPV types, HPV16 (2.3%) and HPV18 (2.1%), and similar to that of some of their closest relatives, HPV31 (1.4%), HPV45 (1.5%), and HPV70 (1.6%) (43) (44) (45) . Although this study consisted of an uneven initial sample set of HPV11 variants from specific continents/countries, it has shown that HPV11 acquired nucleotide sequence changes that over time led to the fixation of the lineages. However, the newly identified lineage B consisted of only one African isolate, and so additional studies will be needed to further investigate the increased heterogeneity of HPV11 observed in this study.
In accordance with our findings from an HPV6 global genomic diversity study (29) , the topology of the HPV11 phylogenetic tree constructed from concatenated E5a-E5b-L1-URR sequences resembled the topology of the tree constructed from the complete HPV11 genome. On the other hand, the topologies of the trees constructed with each of the nine individual ORFs and the URR were dichotomous, clearly identifying lineages A and B but poorly resolving sublineages A1 to A4. These observations further support the established concept of complete genome sequencing for the basis of HPV variant classification (42, 46) . Because nucleotide changes specific to genetic (sub)lineages are not evenly dispersed throughout the HPV genome, the generation of phylogenetic trees with sequences from individual genomic regions may result in trees with different topologies. Therefore, only stable (sub)lineage-specific SNPs could serve as diagnostic sites in studies in which complete genome sequences cannot be obtained (26, 42, 46) . In this study, following the identification of several (sub)lineage-specific SNPs, the most suitable genomic region (208 bp) for HPV11 whole-genome tree reconstruction and the identification of all currently known vari- ant (sub)lineages was found at the 3= end of the E2 ORF and the 5= end of NCR2.
In order to examine ethnogeographical associations among HPV11 (sub)lineages, a total of 433 HPV11 sequences were evaluated. The analysis showed that sublineage A2 prevailed globally and was detected significantly more frequently in all continents except Asia. Sublineage A1 was more common in Asia than the other continents but was not present in samples from Australia and Africa. A limited number of samples from Africa, all originating from a single African country, is an important disadvantage of our study, since the genetic variation of high-risk HPV types has been shown to be the greatest in Africa. Thus, in order to clarify the potential imbalance in the distribution of sublineage A1 among continents observed in our study, further studies with greater numbers of samples from Australia and several African countries are warranted. The newly identified sublineages A3 and A4 and lineage B were all found in low numbers. Given the low mutation rate of papillomaviruses (PVs) (47) , the majority of HPV variant lineages/ sublineages diverged from their common ancestors within the last million years (48), a time period when archaic hominids began to diverge and spread across the globe. Thus, the widespread HPV11 sublineages A2 and A1 probably adapted to the host well before the global spread of modern humans out of Africa, whereas some (sub)lineages that were identified only in specific continents/populations nearly became extinct in archaic hominids due to the unsuccessful transmission of the virus to modern human ancestors.
This study showed no correlation between HPV11 intratype diversification and the worldwide migration patterns of the human host, a phenomenon that has been well established for the high-risk HPV types HPV16 and HPV18 (49, 50) . As with HPV6, we strongly believe that the absence of a strong geographical clustering of HPV11 genomic variants is most probably due to the lower replication rate and delayed fixation of (sub)lineage-specific SNPs throughout the HPV11 genome (24, 26, 29, 43, 51) . Therefore, the major HPV11 lineages and sublineages may have evolved well before humans spread to all the continents. Similar (phylo)geographical associations have previously been reported for some of the less frequently encountered high-risk HPV types, such as HPV31, HPV35, HPV52, and HPV58 (51) . The underlying force driving the natural variation in viruses is still unclear. During over millions of years of PV evolution, random mutations could have caused a significant portion of functionally neutral genetic changes (with no changes to the phenotype), while some variations or their patterns may have caused differences in viral fitness, as a result of niche adaptation or virus-host codivergence. Newly introduced prophylactic HPV vaccines represent an unforeseen potential driving force of PV evolution. The generation of HPV11 vaccine escape mutants that could impact the efficiency of quadrivalent and nonavalent prophylactic HPV vaccines is of potential concern. However, on the basis of preliminary results of our ongoing study, it seems that, at least for HPV6 and HPV11, this is highly unlikely but warrants further investigation.
When interpreting our data, two important limitations of our study should be considered. First, due to the uneven sample set of HPV11 isolates from specific geographical regions, especially South America, North America, Australia, and Africa, we could not exclude the possibility that (sub)lineages detected in low numbers in this study could also exist in isolated, unsampled populations. Second, the use of the Sanger sequencing method, which has a significantly lower sensitivity for genomic variant detection than next-generation sequencing techniques, could have prevented us from detecting genomic variants present at low copy numbers, especially in rare cases of the concurrent presence of multiple HPV11 variants in a single sample (42, 43) . Therefore, a more in-depth sampling across all continents, coupled with next-generation sequencing, would probably reveal an even higher level of heterogeneity of HPV11.
In summary, this study is the largest international, global study of the genomic diversity of HPV11 performed to date, analyzing the complete genomes of globally circulating HPV11 variants. Thirty new complete HPV11 genomes were determined and submitted to the available sequence repositories. The global phylogenetic analysis of HPV11 revealed the existence of two variant lineages, lineages A and B, and four sublineages, sublineages A1, A2, A3, and A4. Sublineage A2 prevailed globally, followed by sublineage A1, which was detected in the highest proportion in Asia. Several HPV11 (sub)lineage-specific SNPs and a 208-bp representative region within the E2 ORF and NCR2 for whole-genome-based phylogenetic clustering were identified. This study provides the most comprehensive data on the global genomic diversity of HPV11 to date and will, it is hoped, significantly contribute to future evolutionary, epidemiological, vaccination, and molecular assay development studies, as well as to studies on the pathogenesis of HPV11 and other Alpha-PV types. 
